Carbon fixation in cyanobacteria makes a major contribution to the global carbon 54 cycle. The cyanobacterial carboxysome is a proteinaceous microcompartment that 55 protects and concentrates the carbon-fixing enzyme RuBisCO in a paracrystalline lattice, 56 making it possible for these organisms to fix CO 2 from the atmosphere. The protein 57 responsible for the organization of this lattice in beta-type carboxysomes of the 58 freshwater cyanobacterium Synechococcus elongatus, CcmM, occurs in two isoforms 59 thought to localize differentially within the carboxysome matrix. Here we use widefield 60 timelapse and 3D-structured illumination microscopy (3D-SIM) to study the recruitment 61 and localization of these two isoforms. We demonstrate that this super-resolution 62 technique is capable of successfully resolving the outer protein shell of the carboxysome 63 from its internal cargo. We develop an automated analysis pipeline to analyze and 64 quantify 3D-SIM images and generate a population level description of carboxysome 65 shell protein, RuBisCO, and CcmM isoform localization. We find that both CcmM 66 isoforms colocalize in space and time, prompting a revised model of the internal 67 arrangement of the beta carboxysome.
22
CcmM58 (M58)   23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  221 images of strains with both GFP-and BFP-tagged CcmK4 resolved the external 222 carboxysome shell as a ring structure in the xy-plane ( Figure 5A -F), demonstrating that 223 3D-SIM provides sufficient resolution to identify peripherally localized proteins in the 224 carboxysome. To confirm these rings were not an artifact of SIM reconstruction, we 225 imaged a strain of PCC7942 integrated with a GFP labeled copy of the large subunit of 226 RuBisCO (RbcL-sfGFP) . This strain has been previously used successfully to study 227 RuBisCO assembly and spacing (Savage et al., 2010; Chen et al., 2013) . 3D-SIM of 228 RbcL-sfGFP showed no ring-like structures, producing only solid regularly-spaced 229 particles ( Figure 5G-I) . To test if M58 was in fact limited to a sub-shell layer, we imaged 230 the ∆ccmM + mTagBFP2-CcmM-mNeonGreen gene complement with 3D-SIM. Both 231 CcmM isoforms produced solid objects similar to those observed with the RbcL-sfGFP 232 strain ( Figure 5J-N) . These qualitative results suggested that the tagged M58 isoform of 233 CcmM was not excluded from integration into the carboxysome core as would be 234 expected if the protein was only present as a thin layer just beneath the exterior shell. In 235 order to check that variations in signal intensity between experiments and cyanobacterial 236 strains did not lead to poor signal-to-noise ratios and consequent artifacts, the 237 reconstruction quality of each SIM data set was verified by the reconstructed intensity 238 histogram (RIH) score from the SIMcheck ImageJ plugin (Ball et al., 2015) . RIH scores 239 for all conditions and data sets were of similar quality ( Supplemental Table S1 ).
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We developed an automated image analysis pipeline and a metric to quantify the 241 degree to which fluorescently-labeled proteins were localized at the perimeter of the 242 carboxysome versus uniformly distributed throughout the matrix. The max-to-center 243 intensity (MTC) ratio is calculated for each particle as the peak intensity of the average 244 radial profile divided by the intensity at the particle centroid. A perfectly uniform protein 245 distribution would result in the peak particle intensity overlapping the particle centroid, Supplementary Table S2 ). This automated analysis of RbcL-sfGFP and CcmK4-253 sfGFP images confirmed our initial observations that carboxysomes appear 254 fundamentally different between these strains (Games-Howell test, MD=0.02, q=22.26); 
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6F, error = s.d.). We found a significant difference in the MTC ratios of mTagBFP2-M58 287 particles vs both shell-labeled CcmK4-mTagBFP2 (Games-Howell test, MD=0.03, 288 q=25.27) and CcmK4-sfGFP (Games-Howell test, MD=0.02, q=20.69) ( Figure 6H ). This 289 supports qualitative observations that particles of the labeled M58 strain did not appear 290 as ring-like as those in the strains with labeled carboxysome shells. mTagBFP2-M58 291 particles also had significantly different MTC ratios compared to RbcL-sfGFP particles 292 (Games-Howell test, MD=0.001, q=10.05), but this difference was produced by only 19 293 ring-like particles in the mTagBFP2-M58 strain ( Figure 6H ). Taken together, these test 294 results indicate that though mTagBFP2-M58 labeled carboxysomes have a small but 295 statistically significant number of MTC ratios > 1.05, the mean ratio is not similar to that 296 produced by labeled carboxysome shell proteins, as would have been expected if the 297 M58 isoform followed a strict sub-shell localization.
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The ∆ccmM + mTagBFP2-CcmM-mNeonGreen complement, which expresses 299 both full-length M58-mNeonGreen and the short isoform M35-mNeonGreen, produced 2 300 particles with MTC ratios > 1.05 ( Figure 6E ). Only 0.06% of particles were found above 
849
Qualitative data and image analysis results of PCC7942 RbcL-sfGFP cells without any 850 IPTG induction show similar incidence of low MTC ratio solid particles compared to cells 851 induced with 50µM IPTG. Three particles were identified as ring-like with MTC ratios > 852 1.05, but were confirmed to be three particle clusters incorrectly analyzed as single 853 objects by our analysis program .   854  855  856  857  858  859  860  861  862  863  864  865  866  867  868  869  870  871  872  873  874  875  876  877  878  879  880 881 Tables S1. Structured Illumination Microscopy reconstruction scores. Reconstructed 
